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Ab initio calculations on electronic states of CaOH
Giannoula Theodorakopoulos and Ioannis D. Petsalakis
Theoretical and Physical Chemistry Institute, The National Hellenic Research Foundation,
48 Vassileos Constantinou Ave., Athens 116 35 Greece

Heinz-Peter Liebermann and Robert J. Buenker
Bergische Universitaet Wuppertal, Fachbereich 9, Theoretische Chemie, Gaussstrasse 20,
D-42097 Wuppertal, Germany

Jacek Koput
Department of Chemistry, Adam Mickiewicz University, Poznan, Poland

~Received 8 April 2002; accepted 11 June 2002!

Ab initio configuration interaction calculations have been carried out on the potential energy
surfaces of the ground and the doublet excited electronic states of CaOH. The calculated transition
energies are in good agreement with previous theoretical values and with the available experimental
data. The calculated Ca–O stretching potentials at different values of the bond angle show typical
Rydberg minima at short internuclear distances but are complicated for largeRCa–O. The calculated
bending potentials are rather shallow for deviations of 5°–10° from linearity and, depending on the
values of the Ca–O and O–H bond lengths, off-linear geometries have low energies. There is no
evidence for the existence of an electronic state with bent equilibrium geometry, which would
correspond to the reported state correlating withF̃ 2P of CaOH. The 72A8 state ~which does
correlate withF̃ 2P! is found to be quasi-linear with a barrier to linearity of only 92 cm21, and
similarly the 42A9 state~correlating withC̃ 2D! is found to be quasilinear with a barrier to linearity
of 84 cm21. © 2002 American Institute of Physics.@DOI: 10.1063/1.1497680#
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INTRODUCTION

Many experimental studies have been devoted during
past two decades to the spectroscopy of CaOH,1 including
millimeter wave rotational spectroscopy2,3 as well as studies

of electronic transitions involving theÃ 2P, B̃ 2S1, C̃ 2D,

D̃ 2S1, Ẽ 2S1, F̃ 2P, and G̃ 2P states.4–10 The monohy-
droxide molecules of metals are of interest for studies of
chemistry of metallic elements in the envelopes of oxyg
rich stars as well as in molecular clouds.2 It is predicted that
CaOH is the most abundant molecule containing Ca
T;1000–2000 K, although attempts to detect it ha
failed.2,11 Theoretical calculations on CaOH have been
voted to the ground state geometry and dissocia
energy,12,13 to the equilibrium geometry and dipole mome
of the lowest three electronic states,11 to the determination of
the different stable ground state geometries14 and also to the
vertical transition energies at the ground state experime
geometry.15,16 The electronic structure of CaOH can be d
scribed by an ionic model, Ca1OH2, whereby the excited
states are obtained by excitation of an unpaired Ca 4s elec-
tron into higherns, np, and nd levels.9,11 Accordingly, the
ground and these Rydberg excited states have similar~linear!
geometry, which is consistent with theoretical work11 and
experimental findings for most of the observed excited sta
A bent excited state has been proposed correlating with
~3d! F̃ 2P linear state, as deduced from extensive activity
the bending vibration in the observed spectra;8 indicating
considerable covalent character for this state. Configura
interaction calculations on the lighter members of this ser
4810021-9606/2002/117(10)/4810/10/$19.00
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BeOH and MgOH, where covalent bonding is expected
contribute, did find the first excited state, 22A8, correlating
with theA 2P of linear geometry, to have a bent equilibriu
geometry in both systems.17 The 22A8 state of BeOH was
found to have a minimum energy geometry with a bo
angle of 116° and a barrier to linearity of 3710 cm21, while
the corresponding state of MgOH was found to have a m
mum at 115° at a transition energy of 3.34 eV with respec
the ground state and with a barrier to linearity of 22
cm21.17 These results are in good agreement with the ex
ing experimental data for MgOH , with 119° for the bon
angle, a transition energy of 3.299 eV and a barrier heigh
1970 cm21.18 For the heavier system, SrOH, for which
number of transitions have been observed, linear geome
have been proposed for all the excited electronic states

cluding theC̃ 2P state, in which substantial Renner–Tell
activity is assumed, causing pronounced activity in the be
ing vibrational mode.19 Theoretical calculations of the poten
tial energy curves of the excited states of CaOH which mi
clarify whether a bent excited state of this system exists h
not yet been reported.

In the present work,ab initio multireference double ex
citations configuration interaction~MRD–CI! calcula-
tions20–22 on the doublet excited states of CaOH for line
and bent geometries are presented, in an effort to prov
theoretical information for the spectroscopically observ
states of this system. The present work is continuing
effort17 to determine structural trends for the metal monoh
droxides and M-OH bond formation.
0 © 2002 American Institute of Physics
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CALCULATIONS

Ab initio MRD–CI calculations have been carried out
electronic states of CaOH for linear and bent geometries
volving different values of the Ca–O bond length, varyi
from 2.8 bohr to 10.0 bohr, and of the bond angle betwe

TABLE I. Valence atomic orbital basis setsa employed in the present calcu
lations for Ca and O.

s-type exponent p-type exponent d-type exponent f-type exponent

Ca
9.862 21 4.902 73 15.21b 1.4
3.977 75 1.921 43 4.08b 0.3
0.977 055 0.784 693c 1.32
0.396 147 0.308 996c 0.454
0.065 938 0.1522 0.1498
0.026 902 0.074 979 0.044
0.01 0.026 927 0.013
0.004 0.01 0.003

0.004
O
8.519 8.519 1.0
2.073 2.073 0.3
0.6471 0.6471
0.2 0.2

0.059

aAll uncontracted unless otherwise indicated.
bContraction coefficients 0.034 95 and 0.170 50 for upper and lower fu
tions, respectively.

cContraction coefficients 0.5716 and 0.3282 for upper and lower functi
respectively.

FIG. 1. Ca–O stretching potentials obtained fromC2V calculations for O–H
bond length51.742 351 bohr.
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110° and 180°. The O–H bond length was fixed for the
calculations at the experimental value 0.922 Å.1,3 In an ad-
ditional set of calculations in which the Ca–O bond leng
was varied between 3.5 and 3.9 bohr and the bond a
between 130° and 180°, the O–H bond length was chan
from the above value to the bond length of OH2 @0.970 Å
~Ref. 23!#, in which intervals also lie other experimental10 as
well as theoretical estimates12–14 of the O–H bond length in
the ground electronic state of CaOH.

For the K and L shells of Ca and the K shell of O
effective core potentials have been employed.24,25 The va-
lence AO basis sets employed for Ca and O are listed
Table I. The AO basis set for hydrogen is the~6s/4s)26 aug-
mented with 2p polarization functions~exponents 0.7 and
0.2! and s ~exponent 0.025! and p ~exponent 0.035! diffuse
functions.

Before adopting the above basis sets, test calculat
were carried out with different basis sets, with and witho
effective core potentials, including the AO basis set e
ployed previously,11–14 in order to examine the convergenc
of the results with the basis set. Furthermore, explorat
calculations for testing the CI procedure were carried o
involving 17, 9, and 7 electrons, respectively, in the CI c
culations. It was found that for excitation energies, the
sults of the 7-electron configuration interaction calculatio
of the present work were comparable to those of previ
work.15 As also found previously,11 a larger value is obtained

c-

s,

FIG. 2. Linear Ca–O stretching potentials obtained from Cs calculati
~solid lines! andC2V calculations~points!, for O–H bond length51.742 351
bohr.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Ca–O stretching potentials
for bond angles5160° and 120° and
for O–H bond length51.742 351 bohr.
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for the ground state equilibrium Ca–O bond length with t
7-electron than with the 17-electron CI calculations, the
ter being closer to the experimental value. The 9-elect
calculations also overestimate the ground state equilibr
bond length. It has been found that the precise calculatio
the Ca–O bond length in CaOH and in CaO requires
inclusion of core–electron correlation.27 In the present work
the main object is the determination of potential energy s
faces of a large number of excited states of CaOH rather
the precise determination of the molecular geometry. For
reason the 7-electron treatment has been employed in
present calculations, in order to keep the calculations t
table.
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While most calculations have been carried out inCs

symmetry, which is the common point group symmetry f
both bent and linear conformations, one series of calculati
has been carried out inC2V symmetry in order to identify the
linear states. In the latter calculations the2S1 states are ob-
tained as2A1, the 2P states~and 2F at the dissociation
limits, see below! are obtained as2B1 and2B2, the2D states
as 2A1 and 2A2 and the2S2 as 2A2. In the Cs calculations
the 2S1 states are obtained as2A8, the 2S2 as2A9 and the
2P, ~2F! and 2D states as2A8 and 2A9 pairs. Large refer-
ence sets for the generation of the configurations of the
calculations have been employed, determined by prelimin
calculations over the different geometries considered.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Vertical transition energies~eV! of the electronic states of CaOH~Ca–O53.8 bohr and O–H51.742 351 bohr!.

C2V

States
C2V

DEv

Cs

states
Cs

a

DEv

Other
theor.b

Expt.c

states,DE

1 2A1 0.0 12A8 0.0 0.0 X̃ 2S1, 0.0
1 2B1 1.93 22A8, 1 2A9 1.93, 1.93

1.93, 1.94
1.880 Ã 2P, 1.984

2 2A1 2.26 32A8 2.26, 2.26 2.226 B̃ 2S1, 2.234
3 2A1, 1 2A2 3.04, 3.03 42A8, 2 2A9 3.05, 3.04

3.07, 3.05
3.021 C̃ 2D, 2.716

4 2A1 3.35 52A8 3.35, 3.36 3.285 D̃ 2S1, 3.490
5 2A1 3.77 62A8 3.78 3.702 Ẽ 2S1, 3.704
2 2B1 3.79 72A8, 3 2A9 3.80, 3.78 3.79, 3.78 3.721 F̃ 2P, 3.746
3 2B1 3.95 82A8, 4 2A9 3.95, 3.95, 3.96, 3.96 3.875 G̃ 2P, 4.046
6 2A1 4.03 92A8 4.05, 4.05 3.946 H 2S1

7 2A1, 2 2A2 4.19, 4.20 52A9 4.17, 4.18 4.063 22D
8 2A1 4.32 6 2S1

4 2B1 4.42 62A9 4.42, 4.42 42P
9 2A1 4.51 7 2S1

5 2B1 4.56 72A9 4.57 52P
3 2A2 4.64 82A9 4.65 32D
4 2A2 6.65
5 2A2 6.65
6 2A2 7.84

aUpper valuesT50.5 mhartree, lowerT50.025mhartree
bReference 15.
cReference 9.
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short bond lengths the electronic states of CaOH are cha
terized by a small number of configurations involving sing
excitations of the unpaired electron from essentially Cas

~corresponding to theX̃ 2S1 ground state of CaOH! to
4p,3d, etc., states. However at intermediate and large b
lengths the electronic states change character drastically
require configurations with three or more open shells. At
dissociation limits, the ground state is Ca(4s2 1S)
1OH(X 2P! leading to the 2P ground state for CaOH
whereas the next limit is Ca(4s4p 3Po)1OH(X 2P! yield-
ing 2S1, 2S -, 2P, and2D states~and spin quartets!, and the
next dissociation limit Ca(4s3d 3D)1OH(X 2P! yields
2S1, 2S -, ~2! 2P, 2D, and2F states. In theC2V calculations
nine states of2A1 symmetry, five of2B1 and six of 2A2

symmetry have been calculated, employing 70, 61, and
reference configurations, respectively, with respect to wh
all single and double excitations are generated. Selec
with a threshold~T! of 0.5 mhartree resulted in CI space
varying between 50 000 and 100 000 configurations at
different geometries. In all the calculations presented in
present work, extrapolation of the calculated eigenvalue
T50 was carried out as well as a full-CI correction.28 In the
Cs calculations, the reference spaces consisted of 71 con
rations for the2A8 and 75 configurations for the2A9 calcu-
lations. The same selection threshold as in theC2V calcula-
tions, 0.5mhartree, was employed for calculations involvin
values of the Ca–O bond length between 2.8 and 10.0 b
and for the,CaOH bond angle between 110° and 180°. T
O–H bond length was fixed at the experimentalr 0 value of
0.922 Å or 1.742 351 bohr. The CI spaces of these calc
tions varied between 100 000 and 200 000 configurati
over the different geometries. Finally, calculations for sh
Ca–O bond lengths between 3.2 and 4.2 bohr, correspon
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to the region of the minima, and the same angle range
above, employed a selection threshold of 0.025mhartree, re-
sulting in CI spaces of 300 000–400 000 configurations,
order to have more precise determinations in that region
the latter set of calculations, for bond angles between 1
and 180° variations in the O–H bond length were also c
sidered, taking values between 1.742 351 and 1.84 bohr~the
latter value being slightly larger than the experimental eq
librium bond length of the OH radical! in order to obtain
theoretical estimates of the equilibrium geometries of
different states. The experimental values for the O–H bo
length in the ground state of CaOH vary from 0.901–0.9
Å ~1.703–1.743 bohr! for r 0 ~Refs. 1, 3, 4! and 0.930–
0.9562 Å~1.757–1.807 bohr! for r e .4,10 The variation in the
experimental values for the Ca–O bond length in CaOH
smaller, 1.985–1.986 Å forr 0 ~Refs. 1, 4, and 10! and
1.9746–1.976 Å forr e .4,10

RESULTS AND DISCUSSION

The Ca–O stretching potential energy curves obtain
from theC2V calculations are shown in Fig. 1~a! ~2S1 states!
and Fig. 1~b! ~ 2P, 2D, and 2S2states!. As shown, the ex-
cited states have typical Rydberg minima for Ca–O distan
between 3.65 and 3.8 bohr, but at larger distances they s
interactions and avoided crossings, especially in the po
tials of the 2P states. The Ca–O stretching potential ene
curves obtained from the calculations inCs symmetry appear
to be even more complicated, cf. Fig. 2. However the see
ingly spurious bumps can be resolved at linear geometrie
terms of crossings between different states having the s
symmetry in theCs point group, as shown in Fig. 2, wher
the lines are obtained from theCs and the points from the
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. Bending potentials for Ca–O
bond length53.8 bohr and O–H bond
length51.742 351 bohr.
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C2V calculations. For nonlinear geometries, the Ca
stretching potentials retain their basic appearance, with s
variations in the barrier heights, cf. Fig. 3, where typic
Ca–O stretching potentials have been plotted for bond an
of 160° and 120°. It may be seen in Fig. 3 that, as a
mentioned above, for Ca–O bond lengths smaller than ab
4.5 bohr, the potential energy curves of the excited state
CaOH have the typical appearance of Rydberg states, w
at larger bond lengths they become very complicated.
same type of qualitative picture has also been obtained
viously for the potential energy curves of the excited sta
of MgOH and BeOH.17

Transition energies from the ground to excited electro
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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states of CaOH, up toH̃ 2S1, including experimentalT0

values and theoretical vertical energies at the optimized
ometry of 2.019 Å for Ca–O and 0.967 Å for O–H of groun
state CaOH have been compiled by Haileyet al.9 Those val-
ues are compared to the transition energies of the pre
work calculated at Ca–O53.8 bohr and O–H51.742 351
bohr in Table II, where the results of theC2V calculations as
well as those for two sets ofCs calculations obtained with
the T50.5 andT50.025mhartree calculations, respectivel
are given. As shown in Table II, theC2V and theCs values
are nearly identical. The agreement with the previous th
retical values is fair, as also with experimental values. F
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 5. Bending potentials for the
X2A8, 2 2A8, and 12A9, 3 2A8, and
5 2A8 states at different values of the
Ca–O bond length and O–H bon
length51.742 351 bohr.
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most of the transitions the theoretical values are within 0
eV ~and within 0.1 eV for the higher states! of the experi-
mental. However there is a large discrepancy~of about 0.33
eV! between the present theoretical and experimentalT0 val-
ues for theC̃ 2D state, for which a similar difference is als
found between the experimental and the theoretical value
previous work.15 Since the theoretical methods and basis s
employed in the present work are quite different from tho
of the previous theoretical study,15 and yet the calculatedT0

values for theC̃ 2D state are within 0.03 eV of each other,
would seem that the experimental position of theC̃ 2D state
might be in error.
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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The calculated bending potentials for the various el
tronic states of CaOH, with the O–H bond length fixed at t
r 0 value of 1.742 351 bohr and Ca–O bond length vary
from 2.8–3.9 bohr, obtained atT50.5 mhartree, all have
their minima at 180°. A typical plot of the bending potentia
is shown for a Ca–O bond length of 3.8 bohr and O–
51.742 351 bohr~0.922 Å! in Fig. 4. Allowing for the dif-
ferent vertical scale in these diagrams it may be seen tha
bending potentials of the excited states generally resem
that of the ground state, with the exception of 62A8 which is
shallower. In fact, the 62A8 state appears to be quasilinear
the sense that the bending potential is very flat near the lin
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 6. Bending potentials of the
6 2A8, 7 2A8, and 32A9, correlating

with Ẽ 2S1 and F̃ 2P, for different
values of the Ca–O bond length an
for O–H bond length51.742 351 bohr.
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geometry. Decreasing the bond angle from 180° down
160° only raises the energy by 20 cm21, in the calculations
shown in Fig. 4. At larger Ca–O bond lengths, bent geo
etries are favored, cf. Fig. 5, where bending potentials of
ground,Ã 2P, B̃ 2S1, and D̃ 2S1 states are shown for dif
ferent values of the Ca–O bond length and with O–H fix
at 1.742 351 bohr. However at these geometries the ca
lated energies are much higher than for the shorter b
lengths~cf. Fig. 6!. Thus in the potential energy curves pr
sented thus far there is no evidence for a bentF̃ excited state
of CaOH, which correlates with a linear2P state, as has
been proposed previously on the basis of the observed s
tra. The state most closely resembling this description wo
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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be the 72A8 state, which has a rather shallow minimu
~with a barrier to linearity of about 50 cm21 along this cross
section! in the bending potential for Ca–O53.7 bohr, at
175°, which results from an avoided crossing between
6 2A8 and 72A8 states~cf. Fig. 6!. This might be contrasted
with the MgOH and BeOH systems, where as mentioned
the Introduction, our calculations have shown that the fi
excited state in both systems is bent, with relatively de
minima, of 2216 cm21at a bond angle of 115° and 371
cm21 at 116°, respectively.17

It should be also noted that the order of the adiabatic2A8

states correlating with theẼ 2S1 and theF̃ 2P varies with
Ca–O bond length. For Ca–O greater than 3.8 bohr 62A8
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. Details of the stretching potentials of the 62A8, 7 2A8 states at different values of the bond angle.
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132A9 correlate withF̃ 2P and 72A8 with Ẽ 2S1 while for
shorter bond lengths~e.g., 3.6 bohr!, 7 2A813 2A9 correlate
with F̃ 2P and 62A8 with Ẽ2S1, cf. Fig. 6. At a Ca–O bond
length of 3.7–3.8 bohr and a bond angle of 180° all th
states, 62A8, 7 2A8, and 32A9, lie close in energy. Although
it appears that it is 72A8 that correlates withF̃ 2P, this is
only the case at bond angles very near 180°, while ther
the above mentioned avoided crossing between the 62A8 and
7 2A8 states at a bond angle of 175°, cf. Fig. 6. It is instru
tive to compare the Ca–O stretching potentials of the 62A8
and 72A8 states at different bond angles, including the line
calculations, shown in Fig. 7. As shown there, at the lin
geometries there is a crossing of theẼ 2S1 andF̃ 2P states
at a Ca–O bond length of 3.75 bohr. When the bond an
decreases, the basic structure is retained except that now
crossing becomes avoided crossing and the curves m
apart for smaller bond angles~cf. plot at 145° in Fig. 7!. The
present findings are in agreement with the experimental
dence of mixing between theẼ andF̃ states,8 for which there
is only a difference of 336 cm21 between theT0 values
assigned to theẼ→X̃ and F̃→X̃ transitions.

As mentioned in the preceding sections, larger CI cal
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lations~employing a threshold of 0.025mhartree! have been
carried out for the region of the geometries with Ca–O bo
length between 3.2 and 4.2 bohr, which includes the Rydb
minima of the stretching potentials~cf. Fig. 1!. Furthermore,
variations in the O–H bond length were considered, sin
there is a wide difference between the reported experime
values for the O–H bond length in CaOH. There is no s
nificant difference between the results of the smaller CI a
those of the larger CI calculations, with O–H fixed
1.742 351 bohr. When the O–H bond length is varied, lar
values are favored for the ground as well as the exc
states, as will be discussed below. In Table III, the line
geometries corresponding to minima in the calculated en
gies are given. As shown in Table III, most states favo
value near 1.80 bohr for the O–H bond length, which is clo
to the experimentalr e value of Li and Coxon for the ground

and the Ã 2P state, 1.806 98 and 1.808 870 boh
respectively.10 However, the present calculations overes
mate the Ca–O bond length by about 0.1 bohr, compa
with the experimentalr e values of 3.732 and 3.691 06 boh
for the above two states, respectively.10 The trend of decreas
ing Ca–O bond length in going from the ground state
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Ã 2P is well reproduced~cf. Table III!, however, and simi-
larly for the equilibrium bond length of theD̃ 2S1 state, for
which the experimental estimate for the equilibrium Ca–
bond length is 1.894 Å~3.579 bohr!.8 As shown in Table III,
all the excited states calculated have shorter Ca–O b
lengths than the ground state, with the exception of 42A8

and 22A9 states which correlate withC̃2D, and have the
same equilibrium linear geometry as the ground state. Ag
there is no evidence for a bent state with a considera
minimum, while the 72A8 state correlating withF̃ 2P has a
minimum at Ca–O53.70 bohr, O–H51.79 bohr and a bond
angle of 175°, with a barrier to linearity of 92 cm21. Simi-
larly, the 22A9 state correlating with theC̃ 2D state has a
shallow minimum of 84 cm21 at 175° and Ca–O53.81 bohr
and O–H51.80 bohr. While the magnitude of these we
depths is well within the expected errors in the present
culations, their persistence when the CI calculation is
larged is indicative that these minima do exist. Furthermo
similar calculations on the ground state of BeOH obtaine
minimum of 50 cm21, in close agreement with the resul
~45–60 cm21! of other calculations employing methods, n
involving selection of configurations.17

It might be noted that the calculated minima for the2A8
states are rather broad in the sense that a number of diffe
geometries around the linear minimum, corresponding
small variations in the Ca–O bond length, the O–H bo
length and the bond angle, have very similar energ
Slightly lower minima~by 5–15 cm21! are found for a bond
angle of 175° than for the linear geometries in the case
2 2A8, 4 2A8, and 62A8 states and also for the ground sta
By contrast, all the2A9 calculated, with the exception o
2 2A9 ~see above!, have linear minimum energy geometrie
It is rather tenuous to insist on the existence of the ab
off-linear minima found for some of the2A8 states, given the
small energy differences involved and the accuracy of
present calculations. However, the present results indi

TABLE III. Minimum energy linear geometries and transition energies
the electronic states of CaOH.

States
CaOH5180°

RCa–O ~bohr!, RO–H ~bohr!
Te

~eV!

X̃ 2A8 ~X̃ 2S1! 3.83, 1.80 0.0

2 2A8, 1 2A9 ~Ã 2P! 3.76, 1.80 1.94, 1.95

3 2A8 ~B̃ 2S1! 3.77, 1.80 2.28

4 2A8, 2 2A9 a ~C̃ 2D! 3.83, 1.80 3.06, 3.05

5 2A8 ~D̃ 2S1! 3.70, 1.80 3.37

6 2A8 ~Ẽ 2S1! 3.65, 1.82 3.74

7 2A8,b 3 2A9 ~F̃ 2P! 3.70, 1.80 3.80, 3.79

8 2A8, 4 2A9 ~G̃ 2P! 3.68, 1.80 3.96, 3.95

9 2A8 ~H̃ 2S1! 3.68, 1.81 4.04
5 2A9 ~2 2D! 3.68, 1.81 4.18
6 2A9 ~4 2P! 3.72, 1.80 4.43
7 2A9 ~5 2P! 3.68, 1.80 4.56
8 2A9 ~3 2D! 3.68, 1.81 4.64

aBent minimum of 22A9 at 170°, Ca–O53.83 bohr, O–H51.80 bohr, with
barrier to linearity of 84 cm21.

bBent minimum at 175°, Ca–O53.7 bohr, O–H51.79 bohr, with a barrier to
linearity of 92 cm21.
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that, as mentioned above, for certain of the electronic st
of CaOH a number of molecular geometries involving sm
variations in the molecular parameters, including the bo
angle, have nearly identical energies. Much larger calcu
tions, including core correlation effects might yield a mo
precise determination of the equilibrium geometries of
ground and excited states of CaOH. Recent RCCSD~T! cal-
culations on the ground state of CaOH, employi
quadruple-zeta and quintuple-zeta basis sets and 17-elec
in the CI calculations resulted in excellent agreement of t
oretical and experimental bond lengths as well
vibrational-rotational term values andBv values.27 As shown
in Table III, the calculated transition energies correspond
to the minimum energy geometries~Te! are not significantly
different from the vertical transition energies listed in Tab
I, demonstrating that there is a nearly uniform lowering
the energies of the states calculated when the O–H b
length is increased from 1.742 351 to 1.80 bohr.

CONCLUSIONS

Effective-core MRDCI calculations have been carri
out on the potential energy surfaces of the ground and
cited electronic states of CaOH. The calculated transit
energies are in good agreement with previous theoretical
with experimental values, with the exception of theC̃ 2D

→X̃ 2S1 transition energy for which there is a discrepan
between the theoretical and the experimental values of o
0.33 eV. All the states calculated favor linear geometri
with the exception of 22A9 state~correlating withC̃ 2D! and
7 2A8 ~correlating withF̃ 2P!. These states are quasiline
with a barrier to linearity of 84 cm21 and 92 cm21, respec-
tively.
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